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We consider contributions of the open-string singlet (OSS) interaction to the proton-proton scat-
tering. Modelling baryon and meson as instanton and open string in the effective QCD string model,
the typical pomeron is identified with a massive spin-2 closed string. According to the open-closed
string duality, the massive spin-2 closed string is accompanied by the open-string singlet interaction
with universal coupling. The flat space 4-point open-string singlet amplitudes and cross sections
are computed in the Regge limit. Including both the open and closed string pomerons, we fit the
differential cross-section with experimental data of the proton-proton and proton-antiproton scat-
tering from the CDF, E-710, D0, LHC-ATLAS and LHC-TOTEM collaborations. The fitting results
show the universality of the string mass scale (or string tension) and consistency of the string model
between the open and closed string parameters in describing the pp and pp¯ scattering in the Regge
limit. The fitting of the string model to experimental data gives the string scale MS ≃ 1.7 − 1.8
GeV and the corresponding glueball pole mass mg ≃ 1.6 − 1.7 GeV. This lies within experimental
values of the observed 2++, I = 0 “meson” masses.
Keywords:
I. INTRODUCTION
String theory first appeared as the physical interpreta-
tion of the Veneziano amplitude describing meson scat-
terings [1–3]. Tower of resonance states with increas-
ing masses continuing indefinitely explains the zoo of
hadronic particles found and at the same time quantita-
tively accounts for their high energy scattering in the so-
called Regge limit (large center of mass energy and small
transfered momentum). The string picture of strong in-
teraction eventually fell out of favour due to the suc-
cess of the Quantum Chromodynamics (QCD) in the de-
scription of the Deep Inelastic scattering (DIS) between
leptons and hadrons confirming existence of fractionally
charged quarks. QCD with quark model can also describe
all known hadronic states and predicts more exotic ones
already observed [4]. Moreover, the strongest motiva-
tion of string theory as fundamental theory of quantum
gravity, originated from the inevitable prediction of the
massless spin-2 states that couple universally to other
particles [5, 6] as a result of the open-closed string du-
ality [7], was ironically the crucial failure of the string
theory as the fundamental framework of the strong in-
teraction. Experimentally, there is no massless spin-2
hadronic states.
Despite the success of QCD in the perturbative regime,
it fails to give accurate results on the diffractive scatter-
ing (mostly small momentum transfer t) and the total
cross section of the high-energy hadronic scattering. Ex-
periments found the increase of the total cross sections
of the hadronic processes with respect to the scattering
energy [8]. Regge theory provides explanation of the rise
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of the forward amplitude and the total cross section by
proposing a trajectory of states with angular momenta
J = α0 + α
′t with α0 & 1, the so-called pomeron tra-
jectory. In the crossing channel, the trajectory relates
the angular momentum of the resonance states with the
mass square J = α0 + α
′M2. The pomeron trajectory
contains states with vacuum quantum number but the
masses are unknown. From the experimental data fit-
tings, it is very likely that the lowest mode of pomeron
is the state with spin-2 [9]. In this Regge regime (at high
energies and small t, notably the perturbative QCD on
the other hand, is applicable for the high-energy scatter-
ing with large momentum transfer, i.e. large t), the string
description as a flat space realization of the S-matrix for-
malism of the Regge theory is a better framework to ad-
dress the scattering processes.
Lattice QCD actually predicts existence of massive
spin 0, 1 and 2 colour-singlet glueball states [10]. The
conformal symmetry is dynamically broken at low ener-
gies by the quantum fluctuations and mass gap is gen-
erated. Naturally, the spin-2 glueball state is the best
candidate of the pomeron with other spin-0,1 states re-
sponsible for the daughter trajectories. Revival of the
string description of the strong interaction came with the
proposal of the AdS/CFT correspondence [11] where it
was argued that strongly interacting gauge theory liv-
ing on the AdS boundary is dual to the weakly coupled
gravity in the AdS bulk. Notably, the gauge theory on
the boundary does not have gravitons but the correla-
tion < TµνT
µν > can be generated via the exchanges of
(massive) gravitons in the bulk. In this way, the problem
of existence of massless spin-2 particle in the boundary
theory is resolved. Meson as the quark-antiquark bound
state can be represented by an open string hanging in
the bulk whose ends are living on the boundary. Baryon
can be modelled as the open-string instanton with three
open strings joining at a baryon vertex with another end
2of each string living on the boundary [12, 13]. Gener-
alized multiquark states can naturally be described as
systems of connecting open strings [14]. Scattering of
mesons and baryons thus can be thought of as scattering
of open strings living close to the AdS boundary. For
high energy scattering, each quark effectively appears as
open string hanging all the way down into the bulk with
only one end living on the boundary and the scattering
can be described by the perturbative QCD.
In this unifying framework of “holographic QCD” (or
“AdS/QCD”), apart from the missing details of mass-gap
generating mechanism, all of the strong interaction pro-
cesses could be addressed at least in principle (or if ones
do not want to take perturbative QCD as a limit of the
holographic gauge theory in the string setup, ones can
think of the two theories as complementary to one an-
other in describing the strong interaction). The glueball
masses or mass gap can be introduced by inserting a cut-
off in the AdS coordinate, breaking conformal symmetry
of the gauge theory on the boundary. The exchange of
glueball as pomeron on the boundary is dual to the ex-
change of massive graviton (closed string) in the bulk.
In this way, glueball is a closed string pomeron. On
the other hand, the open-closed string duality implies
existence of open-string singlet interaction [15] between
gauge singlet states. The graviton exchange diagram
of the 2 → 2 process is the nonplanar annulus world-
sheet with 2 vertex operators inserted at each bound-
ary [7]. This diagram is dual to the sum of one-loop
open-string diagrams containing two twists. Since even
the singlet states couple to closed-string graviton via the
energy-momentum tensor, they must also inevitably cou-
ple through open-string singlet. Interestingly, the 4-point
amplitude for the open-string singlets are non-vanishing
even though the 3-point is [15–21]. Moreover, the duality
of the open-string singlet amplitude naturally eradicates
the zeroth mode (as well as the even modes) of the string
resonances and its Regge limit behaviour fits excellently
with the pomeron as we will see in subsequent sections.
A study of the pp, pp¯ scattering in the Regge limit has
been investigated in Ref. [22] by using the AdS/QCD
framework and its consequences for other scattering pro-
cesses [23–29]. Authors in Ref. [22] have used massive
graviton (closed-string) as exchange particle of the scat-
tering at the tree-level and identified the massive gravi-
ton as tensor pomeron or glueball. Although results of
the model parameters from AdS/QCD calculations in
Ref. [22, 23] are in good agreement with the fitting results
from the experimental data. However, one must also take
into account the effect of open-string singlet interaction
in the scattering instead of using only the closed-string
exchange. In this work, we investigate the inclusion of
open-string pomeron contribution in the pp, pp¯ elastic
scattering in the Regge regime. In Section II, we cal-
culate the scattering amplitude of the OSS interaction
for proton-proton scattering in the Regge limit. Fitting
results of the model parameters will be determined in
Section III. Section IV discusses the results and concludes
the work.
II. FORMALISM
A. Scattering amplitude from the open-string
singlet interaction
We start with the OSS amplitude for elastic proton-
proton scattering. In holographic QCD, proton can be
described by three open strings joining at a baryon ver-
tex and hanging close to the boundary of an asymptot-
ically AdS space. We can imagine when two protons
collide, a string from each baryon vertex will scatter off
one another. Instead of considering detailed scattering
dynamics of the strings and smeared baryon vertices in
the curved AdS space and also motivated by success of
the dual resonance model in the Regge regime, we will
assume the scattering can be described by simple flat-
space open-string amplitude. The general form of the
four-fermion interaction of the open string can be writ-
ten as [18]
Astring = −gS
(
t ψ¯2γµψ1 ψ¯4γ
µψ3 − s ψ¯4γµψ1 ψ¯2γµψ3
)
×
(
S(s, t)
s t
T (1234)
+ (1↔ 4, s↔ u) + (1↔ 2, t↔ u)
)
,(1)
where gS is the dimensionless string coupling and the
particles (fermions, ψi) in the two-body scattering are
labeled by 12 → 34 . The function S(x, y) is the
Veneziano-like amplitude defined by [30]
S(x, y) =
Γ (1− α′x) Γ (1− α′y)
Γ (1− α′x− α′y) , (2)
where α′ ≡ M−2S and MS is the string mass scale. The
T (ijkl) are the Chan-Paton factors of the matrices λa ∈
U(n) and they are defined by
T (1234) = tr(λ1λ2λ3λ4) + tr(λ4λ3λ2λ1) , (3)
with the normalization tr(λa λb) = δab. The Mandelstam
variables are defined as
s = −(p1 + p2)2, t = −(p1 + p4)2, u = −(p1 + p3)2, (4)
where all momenta are directed inward. As shown in Ref.
[15, 16], the stringy gauge singlet or the OSS interaction
occurs between all gauge singlet particles in the U(n)
group that give T (1234) = T (1324) = T (1243) ≡ T .
One then can rewrite the four-fermion amplitude for the
3OSS as
AOSS = − gS T
(
t ψ¯2γµψ1 ψ¯4γ
µψ3 − s ψ¯4γµψ1 ψ¯2γµψ3
)
× 1
s t u
f(s, t, u) , (5)
where the f(s, t, u) function is
f(s, t, u) = uS(s, t) + t S(s, u) + s S(u, t) . (6)
Applying the Fierz transformation [31], we obtain
4ψ¯iγµψj ψ¯kγ
µψl = 4 ψ¯kψj ψ¯iψl − 2 ψ¯kγµ γ5ψj ψ¯iγµ γ5ψl
− 2 ψ¯kγµψj ψ¯iγµψl − 4 ψ¯kγ5ψj ψ¯iγ5ψl.
(7)
Then, the AOSS amplitude reads,
AOSS = −1
4
gS T
[
t
(
4 ψ¯4ψ1 ψ¯3ψ2 − 2 ψ¯4γµ γ5ψ1 ψ¯3γµ γ5ψ2 − 2 ψ¯4γµψ1 ψ¯3γµψ2 − 4 ψ¯4γ5ψ1 ψ¯3γ5ψ2
)
(8)
− u (4 ψ¯3ψ1 ψ¯4ψ2 − 2 ψ¯3γµ γ5ψ1 ψ¯4γµ γ5ψ2 − 2 ψ¯3γµψ1 ψ¯4γµψ2 − 4 ψ¯3γ5ψ1 ψ¯4γ5ψ2) ] 1
s t u
f(s, t, u) .
Note that the amplitude is naturally Reggeized by con-
struction. To see the Regge behaviour in the limit s large
and fixed small t, we recall some relevant properties of
the gamma function,
Γ(1− x) = π
Γ(x) sin(π x)
, (9)
Γ(x+ a)
Γ(x+ b)
large x≃ xa−b
(
1 +O
(
1
x
))
. (10)
In case of |s| → ∞ along the complex plane on the real
axis of s, we will encounter an infinite number of poles in
the S(s, t) function. To avoid singularities, we consider
the imaginary part of the s variable by adding iǫ to skip
the poles on the real axis, this gives
S(s, t)
large s≃ Γ(1− α′t) e−ipiα′t (α′s)α′t . (11)
By using the same trick for S(t, u), we obtain
S(t, u)
large s≃ Γ(1− α′t) (α′s)α′t . (12)
Lastly, the S(s, u) function in the Regge limit reads,
S(s, u)
large s≃ 0 . (13)
This term rapidly vanishes for s → ∞ and there is no
pole in the t channel. We refer detailed derivation of the
Veneziano amplitude in the Regge limit in [32–34]. The
amplitude function f(s, t, u) in the Regge limit is then
f(s, t, u) = uS(s, t) + t S(s, u) + s S(u, t) (14)
large s≃ 1
α′
Γ(1− α′t)
(
1− e−ipiα′t
)
(α′s)α
′t+1 ,
where u ≃ −s has been used in the Regge limit. The
stringy s, t, u symmetric function in the amplitude be-
comes
f(s, t, u)
s t u
→ −α
′
t
Γ(1− α′t)
(
1− e−ipiα′t
)
(α′s)α
′t−1 .
(15)
Finally, the OSS amplitude of proton-proton scattering,
AOSS in the Regge limit is given by
AOSS = 1
4
gS T
α′
t
Γ(1− α′t)
(
1− e−ipiα′t
)
(α′s)α
′t−1
×
[
t
(
4 ψ¯4ψ1 ψ¯3ψ2 − 2 ψ¯4γµ γ5ψ1 ψ¯3γµ γ5ψ2
− 2 ψ¯4γµψ1 ψ¯3γµψ2 − 4 ψ¯4γ5ψ1 ψ¯3γ5ψ2
)
− u (3↔ 4)
]
. (16)
In pp→ pp elastic process at high energies, the t-channel
reggeon-pomeron exchange is dominant. To take into
account effects of the internal structure of the proton,
we introduce the dipole form-factors, A(t) [22, 35] phe-
nomenologically to the vector-vector amplitude and the
effective proton-proton-Reggeon vertex in the following
form
A(t) =
(
1
1− t/Λ2
)2
. (17)
The Λ parameter is the IR cutoff for the amplitude and
we will treat it as a free parameter in this work. The
final form of OSS amplitude in the Regge limit reads,
AOSS = 1
4
gS T
α′
t
Γ(1− α′t)
(
1− e−ipiα′t
)
(α′s)α
′t−1
×
[
t
(
4 ψ¯4ψ1 ψ¯3ψ2 − 2 ψ¯4γµ γ5ψ1 ψ¯3γµ γ5ψ2
− 2 ψ¯4γµψ1 ψ¯3γµψ2 − 4 ψ¯4γ5ψ1 ψ¯3γ5ψ2
)
− u (3↔ 4)
]( 1
1− t/Λ2
)4
. (18)
4There are three free parameters in the amplitude of the
OSS interaction for proton-proton scattering; the open-
string coupling (gS), the string mass scale (MS = 1/
√
α′)
and the dipole IR-cutoff (Λ). As shown in Appendix A,
the OSS cross sections of the pp and pp¯ collisions are
identical. Therefore we will evaluate these parameters
by fitting with the pp and pp¯ scattering data from sev-
eral collaborations in subsequent sections. To prepare
observable for determining the parameters of the model
from the experimental data, we will calculate the differ-
ential cross-section as function of t in the next section.
B. Differential cross-section
In this section, we calculate the absolute square of the
amplitude
∣∣AOSS∣∣2 analytically by using Feyncalc [36, 37]
package of MATHEMATICA. The unpolarized spin sum
of the amplitude,
∣∣AOSS∣∣2 is given by,
∑
spin
∣∣AOSS∣∣2 = 8 g2S T 2 α′2t2
∣∣∣1− e−ipiα′t∣∣∣2
× Γ2(1− α′t) (α′s)2α′t−2A4(t)
×
(
8m4(7s2 + 7st+ 5t2)− 8m2s3
+2s4 + 4s3t+ 2s2t2 + t4
)
, (19)
where m is proton mass. In the s ≫ t, m limit, the s4
term dominates in the last bracket and we have
1
4
∑
spin
∣∣AOSS∣∣2 s≫t≃ 8 g2S T 2 (1− cos(πα′t)) (20)
×
(
Γ(1− α′t)
α′t
)2
(α′s)2α
′t+2A4(t).
The differential cross-section dσ/dt is given by
dσ
dt
=
1
16π s2

1
4
∑
spin
|AOSS|2


=
1
2π
g2S T
2 α′2 (1− cos(πα′t))
×
(
Γ(1− α′t)
α′t
)2
(α′s)2α
′tA4(t) . (21)
Finally, one obtains the differential cross-section formula
of the OSS model for pp, pp¯ scattering and we will use the
formula in Eq. (21) to fit with the experimental data.
FIG. 1: A log-linear plot of the differential cross section at
√
s
= 1800 GeV from the E-710 collaboration, as a function of
−t (in GeV2). Dotted line is the experimental data. Red line
is Eq. (21) with gS = 88.316 , MS = 1/
√
α′ = 1.351 GeV ,
Λ = 6.570 GeV and input parameters in Eq. (22).
III. FITTING MODEL PARAMETERS WITH
EXPERIMENTAL DATA
A. Fitting the parameters
We will use the experimental data from the Measure-
ment of Elastic and Total Cross Sections in pp and pp¯
interactions from The Durham Hep database [38]. The
data for the first fitting is from the E-710 collaboration
at
√
s = 1800 GeV [39]. The fitting to the data at other
scattering energies will be presented in subsequent sec-
tion.
To convert to correct units, we multiply (0.3894)2 to
the right-hand side of Eq. (21) since 1 GeV−2 = 0.3894
mbarn and all of phase convention from [4] is implied.
We use input values of the other parameters in Eq. (21)
as
m = 0.938 GeV ,
√
s = 1800 GeV , T = 1 . (22)
Fitting the data with (21) gives:
gS = 88.316 , MS = 1.351 GeV, Λ = 6.570 GeV.(23)
In addition, if we perform the fitting by dropping the
form factor i.e. A(t) = 1. The fitting results are:
gS = 87.400, MS = 1.344 GeV. (24)
The plot of the best-fit parameters (23) is shown in Fig.
1. We found that the fitting plots with and without the
form-factor are almost identical. We can examine this
situation by considering the logarithm of the differential
cross section in Eq. (21). Considering the series expan-
5sion of Eq. (21) and keeping t at leading order, one gets
log
(
dσ
dt
)
= log
(
1
2π
g2S T
2 α′2 (1− cos(πα′t))
×
(
Γ(1 − α′t)
α′t
)2
(α′s)2α
′tA4(t)
)
≈ m1 t+ C1 , (25)
where
m1 = 2α
′ log(α′s) + 2γEα
′ +
8
Λ2
, (26)
C1 = log
(π
4
g2S T
2α′2
)
, (27)
and γE ≃ 0.5772 is the Euler’s constant. Herem1 and C1
are the slope and vertical intercept of the log-linear plot
respectively. In the Regge limit i.e. large s, the slope m1
can be approximated for large Λ≫ 1 as
m1 ≈ 2α′ log(α′s), (28)
mostly insensitive to Λ. However, for small Λ ≃ 1 GeV,
the slope is affected significantly from the term 8/Λ2 as
will be shown in the next section.
B. Universality of the string mass scale in the OSS
interaction
In the last section, we have performed the fitting of
elastic proton-proton scattering using OSS interaction in
the Regge limit. Next, we would like to see if the string
mass scale MS is universal for other sets of the experi-
mental data at high energies. We will use data from the
LHC-ATLAS [40], D0 [41] and CDF [42] collaborations
at
√
s = 7000, 1960, 1800 and 546 GeV, respectively.
In the following, the input parameters are fixed to
m = 0.938 GeV , Λ = 1.17 GeV , T = 1 , (29)
and consider scattering at
√
s = 7000, 1960, 1800 and
546 GeV. The value Λ = 1.17 GeV is estimated by using
the Skyrme model [43] and it is a good approximation up
to |t| < 0.8 GeV2 [22]. More importantly, the data will
be fit in the log-linear regime i.e., only up to −t ≃ 0.6
GeV2 for
√
s = 1960 GeV as shown in Fig. 2.
The fitting is performed in two cases; with the dipole
form-factor A(t) = 1/(1−t/Λ2)2 and without form-factor
i.e., A(t) = 1.
With the dipole form-factor, the fitting results are
given by
gS = 156.887 , MS = 1.576 GeV ,
√
s = 7000 GeV ,
gS = 138.728 , MS = 1.576 GeV ,
√
s = 1960 GeV ,
gS = 125.535 , MS = 1.585 GeV ,
√
s = 1800 GeV ,
gS = 100.867 , MS = 1.564 GeV ,
√
s = 546 GeV .
(30)
Without form-factor, the fitting results are given by
gS = 114.452 , MS = 1.355 GeV ,
√
s = 7000 GeV ,
gS = 90.441 , MS = 1.357 GeV ,
√
s = 1960 GeV ,
gS = 87.400 , MS = 1.344 GeV ,
√
s = 1800 GeV ,
gS = 66.574 , MS = 1.272 GeV ,
√
s = 546 GeV .
(31)
According to the results in both cases, the values of the
string mass, MS are almost identical within each case.
In contrast to the previous section where both cases give
roughly the same fitting values of gS and MS , the fitting
values of MS for both cases are different by roughly 15%
with Λ = 1.17 GeV. When Λ . 1, the term 8/Λ2 in Eq.
(26) becomes larger and contributes more to the slope of
the differential cross-section resulting in different fitting
values. Without form factor, smaller MS (larger α
′) is
required to compensate for the contribution from the Λ.
The fitting results demonstrate the universality of the
string mass, MS for the OSS interaction in the elas-
tic pp, pp¯ scattering in the Regge limit (the low energy
scattering e.g. at
√
s = 546 GeV gives a slightly dif-
ferent value). While the slope of the log-linear plot is
determined by MS and s, the vertical intercept is deter-
mined also by strength of the coupling g2ST
2 in addition
to the MS (from Eq. (26) and (27)). The fitting val-
ues of the string coupling are alarmingly large and non-
perturbative. Using holographic model we could possibly
attribute a fraction of the large value of gS to the warp
factor and integral of the overlapping wave function in
the holographic coordinate in order to keep the “bare”
value in the perturbative regime. However, in the next
Section it turns out that once the closed string pomeron is
included, the fitting values of the coupling reduce to fall
in the perturbative regime and almost unchanged with
respect to the collision energies, implying that both open
and closed string pomerons must coexist in a consistent
framework.
C. Inclusion of the closed-string interaction
A fascinating aspect of the string model is the open-
closed string duality that connects loop diagrams of open
string to the existence of closed string diagram by the
worldsheet duality. It is thus inevitable to include t-
channel closed string diagram with vacuum quantum
number together with the contributions from the open-
string singlet.
The closed-string pomeron contribution to the pp, pp¯
scattering has been explored in Ref. [22]. Massive gravi-
ton (closed-string) is coupled to the stress tensor of the
protons (fermions) and identified as the spin-2 glueball
state leading to the pomeron Regge trajectory. The holo-
graphic Sakai-Sugimoto (SS) model [44] is used to calcu-
6FIG. 2: A log-linear plot of the differential cross section as a function of −t (in GeV2) at
√
s = 13000, 8000, 7000, 2760, 1960,
1800 and 546 GeV from the LHC-TOTEM [46], LHC-ATLAS [40], D0 [41], E-710 [39] and CDF [42] collaborations.
late the relevant parameters and compared with fitting
values from the experimental data. The differential cross-
section of the closed-string pomeron contribution from
Ref. [22] is given by
dσ
dt
=
λ4
16π
(
Γ(−χ)Γ(1− αc(t)/2)
Γ(αc(t)/2− 1− χ)
)2
×
(
α′cs
2
)2αc(t)−2
A4(t) , (32)
where λ is the (graviton) glueball-proton-proton coupling
constant which has dimension [mass]−1 and
χ = 2α′cm
2 + 3αc(0)/2− 3 , αc(t) = αc(0) + α′c t ,
A(t) =
(
1
1− t/Λ2
)2
. (33)
Here m is proton mass and Λ is the dipole mass. In
addition, the glueball mass, mg is defined from the Regge
trajectory (J = αc(0) + α
′
ct) by,
m2g =
2− αc(0)
α′c
, (34)
for spin J = 2 and at the pole t = m2g . There are four
free parameters in this model, λ , αc(0) , α
′
c and Λ . By
using the SS-model, one finds [23]
λ = 9.02 GeV−1, mg = 1.49 GeV, Λ = 1.17 GeV . (35)
We note that Λ = 1.17 GeV is estimated from the four-
dimensional Skyrme model [43]. By using formula in Eq.
(32) and fitting with the E-710 collaboration scattering
data at
√
s = 1800 GeV, we obtain,
λ = 8.62 GeV−1, αc(0) = 1.074 ,
α′c = 0.286 GeV
−2, Λ = 0.970 GeV . (36)
The fitting values of λ and other parameters are consis-
tent with the results of the latest version of Ref. [22] and
Ref. [23]. The value of αc(0) ∼ 1.06−1.08 is also required
in order to obtain a slowly increasing total cross section
observed [8, 45]. Next, we consider the log-linear pro-
file of the differential cross-section from the closed-string
interaction. One finds,
log
(
dσ
dt
)
= log
(
λ4
16π
(
Γ(−χ)Γ(1 − αc(t)/2)
Γ(αc(t)/2− 1− χ)
)2
×
(
α′cs
2
)2αc(t)−2
A4(t)
)
≈ m2t+ C2 , (37)
where
m2 = 2α
′
c log
(
α′cs
2
)
+
8
Λ2
− α′cψ(0)
(
1− αc(0)/2
)
−α′cψ(0)
(
αc(0)/2− χ− 1
)
, (38)
C2 = 2(αc(0)− 1) log
(
α′cs
2
)
7+2 log
(
λ2
4
√
π
Γ(−χ)Γ (1− αc(0)/2)
Γ (αc(0)/2− χ− 1)
)
(39)
where ψ(0)(x) ≡ 1
Γ(x)
dΓ(x)
dx
is the polygamma function.
Once again, the slope of log-linear of differential cross-
section in the Regge limit for Λ≫ 1 GeV is given by
m2 ≈ 2α′c log
(
α′cs
2
)
. (40)
Similar to the OSS amplitude case, only α′c and s deter-
mine the slope of the logarithmic plot for large Λ and
yet the effect of Λ ≃ 1 GeV cannot be neglected at the
collision energies under consideration.
Although, as mentioned in Ref. [22], the closed-string
(pomeron) interaction gives quite good agreement be-
tween the SS-model predictions and fitting results from
experimental data but the closed-string contribution is
not the only pomeron in the pp, pp¯ elastic scattering.
As demonstrated in Ref. [16] in the stringy toy model
of U(2) QED and U(4) QCD and more generically in
Ref. [15, 17], open-string singlet interaction in the 2→ 2
process also contribute (more dominantly since the OSS
leading diagram is proportional to gS while the closed
string diagram is proportional to g2S) as a gauge-singlet
interaction, i.e., as a pomeron. Ref. [16] estimates the
graviton-proton-proton coupling parameter λ in the or-
der
λ2
m2g
≃ π
2
32
g2S
M4S
, (41)
i.e., the λ is proportional to the string coupling gS. To
extend and improve the scattering model on the theoret-
ical side, one has to take both the open-string and closed
string contributions into account of the scattering pro-
cess. The central result of this work is to consider the
pp, pp¯ elastic scattering and demonstrate the validity of
the model. In the following, we recall amplitudes from
both of OSS from Eq. (18) and closed string interactions
in the Regge limit, they read,
AOSS = 1
4
gS T
α′
t
Γ(1− α′t)
(
1− e−ipiα′t
)
(α′s)α
′t−1
×
[
t
(
4 u¯(p4) u¯(p1) u¯(p3)u(p2)
− 2 u¯(p4) γµ γ5 u(p1) u¯(p3) γµ γ5 u(p2)
− 2 u¯(p4) γµ u(p1) u¯(p3) γµ u(p2)
− 4 u¯(p4) γ5 u(p1) u¯(p3) γ5 u(p2)
)
− u (3↔ 4)
]
A2(t) (42)
Aclosed = 1
8
λ2
Γ[−χ] Γ[1− αc(t)/2]
Γ[αc(t)/2− 1− χ]
α′c
2
× e−i pi αc(t)/2
(
α′cs
2
)αc(t)−2
×
[
2 s u¯(p4) γµ u(p1) u¯(p3) γ
µ u(p2) (43)
− 4 pµ1 pν2 u¯(p4) γν u(p1) u¯(p3) γµ u(p2)
]
A2(t) ,
where the u(p) is standard positive energy Dirac spinor
with normalization u¯(p)u(p) = 2m and the Aclosed is
the closed string amplitude consistent with Ref. [22].
The absolute square of the total amplitude, i.e. Atot =
AOSS+Aclosed at the leading order terms of s is given by
∑
spin
∣∣∣Atot∣∣∣2 = ∑
spin
∣∣∣AOSS +Aclose∣∣∣2
= 32 g2S T
2 (1 − cos(πα′t))
×
(
Γ(1 − α′t)
α′t
)2
(α′s)2α
′t+2 A4(t)
+ 4 s4 λ4
(
Γ(−χ) Γ(1− αc(t)/2)
Γ(αc(t)/2− 1− χ)
)2
× α
′2
c
4
(
α′cs
2
)2αc(t)−4
A4(t)
+ 8 gS T λ
2 s2
(
Γ(−χ) Γ(1− αc(t)/2)
Γ(αc(t)/2− 1− χ)
)
×α
′
c
2
(
Γ(1− α′t)
α′t
)
(α′s)α
′t+1
(
α′cs
2
)αc(t)−2
×
(
(1− eipiα′t) e−ipiαc(t)/2 + c.c.
)
A4(t) (44)
And the differential cross-section for the total amplitude
in Eq. (44) is given by,
dσ
dt
=
1
16π s2

1
4
∑
spin
∣∣∣Atot∣∣∣2

 . (45)
This formula will be used for fitting the model parameters
with the LHC-TOTEM [46], LHC-ATLAS [40], D0 [41],
E-710 [39] and CDF [42] scattering data in the small (−t)
region where single (soft) pomeron exchange is dominant,
see Figure 2. Larger (−t) scattering are complicated by
other hard processes such as the hard (BFKL) pomeron
and perturbative QCD of the quarks and gluon. Notably,
both soft and hard pomerons can be described by a single
holographic string model in curved space [47].
According to the open-closed string duality, we set
the string tension α′ = α′c. And fix Λ = 1.17 GeV,
αc(0) = 1.08 in order to obtain slowly increasing total
cross section ∼ s0.08 (we have also performed the fit-
ting by taking αc(0) as free parameter and the best-fit
values are very close to 1.08). Since the closed string
tree-level diagram is proportional to g2S , the graviton-
proton-proton coupling is then rewritten using the string
coupling as λ = αgS . The fitting results for various cen-
ter of mass energies of the pp, pp¯ collisions are given in
Table I and Fig. 3.
8√
s/GeV gS α/GeV
−1 MS/GeV λ/GeV
−1
13,000 1.39-10.94 9.09-1.18 1.65 12.61-12.86
8,000 1.37-10.86 9.13-1.18 1.66 12.54-12.81
7,000 1.37-10.85 8.95-1.15 1.66 12.24-12.52
2,760 1.48-11.77 8.46-1.09 1.68 12.49-12.81
1,960 1.64-13.18 7.42-0.95 1.68-1.69 12.15-12.48
1,800 1.36-10.96 8.45-1.08 1.70-1.71 11.53-11.87
546 1.34-10.61 9.04-1.18 1.66-1.67 12.08-12.48
TABLE I: The best-fit string parameters from both open and
closed string pomerons.
Remarkably, the fitting values ofMS among all scatter-
ing data are very close to one another implying the uni-
versal value of the mass scale in the QCD-string model of
the pomeron. Interestingly, the fitting values of the cou-
pling gS could remain perturbative, i.e. gS/4π < 1, and
yet take a wide range of values (compensated by varying
values of the corresponding α) while the best-fit param-
eter of the effective closed string coupling hardly vary
within the narrow range, λ (= αgS) ≃ 12− 13 GeV−1.
Moreover, the tensor glueball mass mg can be deter-
mined from the following formula [22]
mg = MS
√
(2− αc(0)) . (46)
All data universally gives mg ≃ 1.6 GeV. This glue-
ball mass value is quite close to the estimation by the
Sakai-Sugimoto model [22]. However, this tensor glueball
mass value is quite lower than lattice QCD estimation
i.e. mlatticeg = 2.40 GeV [48]. Interestingly, conformal
symmetry breaking on one hand, generates mass of the
glueball (making graviton massive in the holographic pic-
ture) and at the same time shifts the intercept αc(0) so
that J = 2 = αc(0) + α
′m2g is still preserved. The tiny
mismatch between the string mass MS and the glueball
mass mg (< MS) results in a slightly larger than 1 value
of the intercept αc(0) = 1.08.
D. Total cross-section from the OSS and closed
string amplitudes
The total cross-section of the pp, pp¯ scattering from
both the OSS and massive graviton amplitudes can be
calculated by the optical theorem,
σtot =
1
s
Im
(
AOSS(s, t) +Aclosed(s, t)
)∣∣∣
t=0
. (47)
By using the invariant amplitudes in Eqs. (A3,A7), the
total cross-section of the closed string and the OSS am-
plitudes reads,
σtot =
π λ2 Γ[−χ] (α′cs/2)αc(0)−1
Γ[αc(0)/2] Γ[αc(0)/2− 1− χ]
+ π gS T α
′ , (48)
where only fαfα → fαfα, α = L,R contribute to the
OSS amplitude at t = 0 in the Regge limit. Notably, we
obtain the constant total cross-section in the Regge limit
i.e. σOSStot ∝ s0 for the open-string singlet contribution
and almost constant ∼ s0.08 for αc(0) = 1.08 from the
closed-string amplitude. While the Regge theory gives
general result of the total cross-section as σtot ∝ sα(0)−1
where α(0) is the intercept of the angular momentum
of any Regge trajectory. The pomeron trajectory with
α(0) = 1 is proposed by Chew [49] and Gribov [50]. It has
the vacuum quantum number, even signatures (charge
and parity) and also satisfies Froissart bound i.e. σtot ≤
(ln s)2 at s→∞. The universality of the OSS is revealed
by (48), the effective size of each particle seen by another
is proportional to the area of circle with radius equal to
the string length ℓS ≡
√
α′ and the string coupling gS.
IV. DISCUSSIONS AND CONCLUSIONS
The open and closed string pomerons are fit with the
high energy pp, pp¯ scattering in the Regge regime (large
s, small fixed t) at various energies. The fitting string
parameters show remarkable universality in the values of
the string mass scale MS . The fitting coupling param-
eters gS and λ also take almost universal values among
scattering at various energies as shown in Table I. The
fitting values of gS can vary in a wide range given that it
is compensated by the closed-string coupling parameter
α while keeping the product λ = αgS mostly unchanged.
An insight obtained from the stringy picture of the
pomeron is the relationship between the ratio of the two
mass scales, MS = 1/
√
α′ and mg, and the pomeron
intercept αc(0),
αc(0) = 2−
m2g
M2S
. (49)
The slowly increasing total cross section ∼ s1−(
mg
MS
)2
, re-
quires that mg . MS . For αc(0) = 1.08, the ratio is
mg/MS = 0.96. Since our fitting value MS ≃ 1.7 GeV
is less than the lattice value of mlatticeg = 2.4 GeV, the
string model is in tension with the lattice results. How-
ever, the lattice calculation ignored the light quarks and
meson mixing so the actual pole mass value of the 2++
glueball could be quite different. The fitting value of MS
also depends on the choice of the form factor scale Λ.
For Λ = 0.94 GeV (proton mass), the fitting value be-
comesMS ≃ 1.8 GeV (still relatively universal among all
data). Taken as a prediction, the string model prefers
glueball pole mass around 1.6 − 1.7 GeV. Remarkably,
this lies within the values of various 2++ (“meson”) can-
didates observed in experiments, see Table II. With the
same quantum numbers, glueball will mix with mesons
as mass eigenstates listed among the 2++ candidates.
From the amplitudes in the Regge limit of the OSS and
9FIG. 3: The logarithmic fit of the pp, pp¯ elastic collisions at
√
s = 13000, 8000, 7000, 2760, 1800, 546 GeV by the combination
of the open and closed string pomeron. The fits are performed with data in the small (−t) region where linearity from single
pomeron contribution is apparent.
2++ meson Mass (GeV) width (GeV)
f2(1270) 1.276 0.190
f2(1430) 1.430 undetermined
f ′2(1525) 1.525 0.073
f2(1565) 1.562 0.134
f2(1640) 1.639 0.100
f2(1810) 1.815 0.200
f2(1910) 1.910 0.160
f2(2010) 2.011 0.200
f2(2150) 2.160 0.150
f2(2220) 2.231 0.023
f2(2300) 2.300 0.150
f2(2340) 2.345 0.322
TABLE II: List of light JPC = 2++ and I = 0 mesons as
glueball candidate [4].
the closed string formulae (A3) and (A7), we can experi-
mentally verify the existence of the OSS contribution by
considering the scattering with polarized beams of pro-
ton and/or antiproton. The closed string pomeron will
give the same cross sections for any polarization while
the OSS will give different results according to Eq. (A3).
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Appendix A: helicity amplitudes of open and closed
string pomerons in the Regge limit
In this appendix, we present the helicity amplitude of
the proton-proton scattering for OSS and close string am-
plitudes. The AOSS amplitudes are given by,
AOSS = gS T KOSS(s, t, u) f(s, t, u)A
2(t), (A1)
where KOSS(s, t, u) is kinematics function and character-
izes the helicity structures of the amplitudes. It is given
by
KOSS(s, t, u) =


−2 s
u t
for fα fα → fα fα ,
− 2 t
s u
for fα fβ → fα fβ ,
(A2)
where α, β = L,R, the helicity of the fermion. The am-
plitudes for f f¯ → f f¯ can be obtained by crossing s↔ t.
Observe that in crossing, each helicity combination of
(A2) turn into one another and thus the OSS differen-
tial cross section (containing all helicity combinations)
between ff and f f¯ are naturally identical.
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In the Regge limit i.e., u → −s , we find,
AOSS =


2gST
1
t
f(s, t, u)A2(t) for fα fα → fαfα,
2gST
t
s2
f(s, t, u)A2(t) for fα fβ → fαfβ,
(A3)
where the function f(s, t, u) in the Regge limit is given
by Eq. (14) . This means that different structures of
the helicity amplitudes have different forms in the Regge
limit. For the closed-string amplitudes in Eq. (43), we
obtain,
Aclosed = λ
2Kclosed(s, t, u)Pg A2(t), (A4)
where Kclosed(s, t, u) is the helicity dependent kinematic
function and
Pg = Γ[−χ] Γ[1− αc(t)/2]
Γ[αc(t)/2− 1− χ] (α
′
c/2)e
−i pi αc(t)/2 (α′cs/2)
αc(t)−2 .
(A5)
The Kclosed(s, t, u) function in the Regge limit can be
written as
Kclosed(s, t, u) =


1
2 s
2
(
1− u
s
)
for fα fα → fα fα ,
−s u for fα fβ → fα fβ .
(A6)
In the Regge limit i.e., u ≈ −s , one finds,
Aclosed =


λ2 s2 PgA2(t) for fα fα → fα fα ,
λ2 s2 PgA2(t) for fα fβ → fα fβ .
(A7)
The helicity amplitudes of the Aclosed have the same form
for all helicity configurations in the Regge limit.
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